Objective: Our objective was to determine whether exenatide exerts an antiinflammatory effect.
xenatide is a stabilized derivative of exendin-4 and is a glucagon-like peptide-1 (GLP-1) receptor agonist (1, 2) . It thus mimics the biological actions of GLP-1. It induces the release of insulin from the ␤-cells while mediating the suppression of glucagon release from the ␣-cells of the pancreatic islet (3, 4) . In addition, it crosses the blood-brain barrier and suppresses appetite, food intake, and body weight (5, 6) . It also slows gastric emptying. In view of these properties and the consistent ability to predictably reduce blood glucose concentrations, its use in the treatment of type 2 diabetes is now established.
In 2007, we demonstrated for the first time that exenatide had two nonmetabolic but important actions: the reduction in plasma C-reactive protein (CRP) concentrations and systolic blood pressure (7) . These actions were further confirmed by us in a longer-term study, in which it was also demonstrated that these effects were durable and that the cessation of exenatide treatment led to the reversal of these effects (8) . The suppression of CRP concentration and the reduction in systolic blood pressure by exenatide have now been confirmed by other studies (9, 10) . Exendin-4 was also shown to increase regulatory T cell numbers and the production of the antiinflammatory cytokine IL-10 in NOD mice with type 1 diabetes (11) . More recently, exenatide has been shown to suppress oxidative stress and inflammatory mediators including isoprostane, CRP, and monocyte chemoattractant protein (MCP)-1 in type 2 diabetics (12) GLP-1 agonists have also been shown to suppress atherogenesis, improve endothelial function, and have cardioprotective effects (13) (14) (15) (16) . Because these actions are of potential benefit in reducing cardiovascular risk, an important issue in patients with type 2 diabetes, they require further investigation. Because atherosclerosis is a chronic inflammation of the arterial wall (17) , we have now hypothesized that exenatide exerts a comprehensive antiinflammatory effect as reflected in the suppression of inflammatory indices in the peripheral blood mononuclear cells (MNC) and in plasma.
Subjects and Methods

Subjects
This is a single-center, randomized, placebo-control, singleblinded (patient) prospective study. Twenty-four obese patients with type 2 diabetes with a glycosylated hemoglobin (HbA1c) between 7.5 and 9% participated in this study. None of the subjects had any microvascular or macrovascular complications of diabetes. All patients were on stable doses of oral antidiabetic medications and insulin and had stable weight for 4 wk before the study. All patients were on metformin (1-2 g/d), and 14 patients were on sulfonylureas (glyburide or glipizide 5-10 mg/ d). Ten subjects (five each in placebo and exenatide group) were on basal insulin (glargine) once daily, two in placebo group on Novolog Mix 70/30 twice daily, and 12 (five placebo and seven exenatide group) on basal (glargine/detimir) and bolus (lispro or aspart) regimen. The dose of statins and angiotensin converting enzyme inhibitors were not changed during the study. None of the subjects were on thiazolidinediones, antioxidants, or nonsteroidal antiinflammatory drugs. Patients' demographic data are summarized in Table 1 . All patients met with the dietitian and certified diabetes educator on d 0. General dietary recommendations as per American Diabetes Association guidelines were made to all subjects. They were randomized to receive either exenatide 10 g or placebo (supplied by Amylin, San Diego, CA) 30 min before breakfast and dinner for 12 wk. However, the dose of exenatide was started at 5 g twice daily for 1 wk to ensure tolerability. Blood samples were collected before (d 0) and at 3, 6, and 12 wk after start of treatment after an overnight fast. For the single-dose effect study, blood samples were also collected at 0, 2, 4, and 6 h after a single dose of exenatide (5 g) or placebo on d 0 of the 12-wk study while subjects were fasting. Insulin doses were titrated downward by 20% to prevent hypoglycemia after the initiation of study treatment in subjects with HbA1c below 8%. After initiation of study treatment, insulin doses were titrated on wk 3 and 6 to target fasting glucose of less than 100 mg/dl and 2-h postprandial glucose of less than 160 mg/dl. Titration of insulin was done by a blinded investigator. The protocol was approved by the Human Research Committee of the State University of New York at Buffalo. An informed consent was signed by all subjects. The trial was registered with www.clinicaltrials.gov NCT number 01154933.
MNC isolation
Blood samples were collected in Na-EDTA and carefully layered on Lympholyte medium (Cedarlane Laboratories, Hornby, Ontario, Canada). Samples were centrifuged and two bands separate out at the top of the red blood cell pellet. The MNC band was harvested and washed twice with Hanks' balanced salt solution. This method provides yields greater than 95% MNC in the preparation.
Reactive oxygen species (ROS) generation measurement by chemiluminescence
Five hundred microliters of MNC (2 ϫ 10 5 cells) were delivered into a Chronolog Lumi-aggregometer cuvette. Luminol was then added, followed by 1.0 l of 10 mM formylmethionyl leucinyl phenylalanine. In this assay system, the release of superoxide radical, as measured by chemiluminescence, has been shown to be linearly correlated with that measured by the ferricytochrome C method (18) . 
Nuclear factor-B (NFB) DNA-binding activity
Nuclear NFB and Oct-1 DNA-binding activity was measured by EMSA. Nuclear extracts were prepared from MNC and by high-salt extraction as previously described (19, 20) . The specificity of the bands was confirmed by supershifting these bands with specific antibodies against Rel-A (p65), p50, and Oct-1 or with nonspecific antibodies (Santa Cruz Biotechnology, Santa Cruz, CA). NFB binding was normalized to that from Oct-1and is presented as NFB to Oct-1 ratio. 
Quantification of
Western blotting
MNC total cell lysates were prepared, and electrophoresis and immunoblotting were carried out as described before (21) . Monoclonal antibodies against c-Jun N-terminal kinase (JNK)-1, toll-like receptor (TLR)-2, TLR-4, TNF␣, suppressor of cytokine signaling (SOCS)-3 (Abcam, Cambridge, MA), and actin (Santa Cruz Biotechnology) were used, and all values were corrected for loading to actin.
Plasma measurements
Glucose concentrations were measured in plasma by YSI (Yellow Springs, OH) 2300 STAT Plus glucose analyzer. ELISA was used to measure plasma concentrations of insulin (Diagnostic Systems Laboratories Inc., Webster, TX), IL-6, MCP-1, matrix metalloproteinase (MMP)-9 (R&D Systems), and serum amyloid A (SAA) (Invitrogen, Carlsbad, CA). 
Statistical analysis
Statistical analysis was conducted using SigmaStat software (SPSS Inc., Chicago, IL). All data are represented as mean Ϯ SE. Baseline measurements were normalized to 100%, and changes from baseline were calculated as percent change from baseline. Statistical analysis was carried out using one-way repeated-measures ANOVA (RMANOVA) with Holm-Sidak post hoc test. Two-factor RMANOVA followed by Dunnett's post hoc was used for multiple comparisons between different treatments. Paired t test and Student's t test were used where appropriate. Multivariate analysis of changes in inflammatory mediators from baseline with changes in free fatty acids (FFA), insulin, glucose, percent HbA1c, body mass index, and systolic and diastolic blood pressure was performed using multiple linear regression.
Results
Change in glucose homeostasis and body weight after exenatide treatment
Fasting blood glucose and HbA1c fell, whereas insulin increased (P Ͻ 0.05; Fig. 1 , A and B, and Table 1) in the exenatide group, whereas it did not change significantly in the placebo group. Additionally, FFA fell after exenatide ( Fig. 1C and Table 1 ; P Ͻ 0.05). There was no significant change in body weight in either group (Table 1) . None of the subjects had any major hypoglycemic episodes. A single dose of exenatide (5 g) caused a significant reduction in FFA by 20 Ϯ 7% (from 0.69 Ϯ 0.07 to 0.53 Ϯ 0.05 mM, P Ͻ 0.05) at 2 h, but FFA increased above the baseline by 6 h in both groups (Fig. 1D) .
Effect of exenatide on ROS generation in MNC
There was a significant reduction by 22 Ϯ 9% below the baseline in ROS generation by MNC at 6 wk exenatide treatment. This ROS-suppressive effect continued until 12 wk of treatment. There was no significant change in ROS generation in the placebo group, and the difference between the two treatment arms was statistically significant by two-way RMANOVA ( Fig. 2A, P Ͻ 0.05) . ROS generation by MNC was also suppressed by 19 Ϯ 7% at 6 h after a single dose of exenatide 5 g ( Fig. 2B ; P Ͻ 0.05 by paired t test at 6 h compared with baseline).
Effect of exenatide on NFB activation and TNF-␣ expression in MNC
Exenatide treatment significantly suppressed the relative DNA binding of NFB (calculated as a ratio of NFB to Oct-1) by 29 Ϯ 8 and 26 Ϯ 7% at 6 and 12 wk, respectively, whereas there was no significant change in NFB binding in the placebo group (Fig. 3, A and B ; P Ͻ 0.05). NFB binding in MNC was also suppressed significantly by 44 Ϯ 8% at 2 h after a single dose of exenatide and reverted to baseline levels by 6 h after exenatide injection (Fig. 3 , A and C, P Ͻ 0.05). The change in NFB binding was associated with a significant suppression in the mRNA expression of TNF␣ and IL-1␤, major NFB target genes, by 31 Ϯ 12 and 22 Ϯ 10%, respectively, after 12 wk of exenatide treatment and by 18 Ϯ 9% at 2 h and 26 Ϯ 7% at 4 h, respectively, after a single dose of exenatide (Fig. 3 , D-G, P Ͻ 0.05). The mRNA expression of IL-10 was not affected by exenatide treatment.
Effect of exenatide on other cellular proinflammatory mediators in MNC
The mRNA expression of JNK-1, TLR-4, TLR-2, and SOCS-3 in MNC fell by 20 Ϯ 11, 16 Ϯ 7, 22 Ϯ 9, and 31 Ϯ 10%, respectively [Supplemental Fig. 1, A, C, E, and F 
A B
FIG. 2.
Percent change in ROS generation by MNC after placebo and exenatide 10 g bid for 12 wk (A) and after 6 h of a single dose of placebo or exenatide (5 g) (B) in type 2 diabetic subjects. Data are presented as mean Ϯ SE; n ϭ 12 each. *, P Ͻ 0.05 by RMANOVA (compared with baseline);ˆ, P Ͻ 0.05 by paired t test (compared with baseline); #, P Ͻ 0.05 by two-way RMANOVA compared with control groups.
(published on The Endocrine Society's Journals Online web site at http://jcem.endojournals.org); P Ͻ 0.05) after 12 wk exenatide, whereas there was no significant change in these indices in the placebo group. The change in JNK-1, TLR-2, and SOCS-3 mRNA expression was observed as early as 3 wk after treatment with exenatide, whereas it fell significantly by 17 Ϯ 7, 33 Ϯ 10, and 26 Ϯ 8%, respectively, below the baseline (P Ͻ 0.05). JNK-1, TLR-4, and SOCS-3 mRNA expression in MNC was also suppressed by 18 Ϯ 7, 24 Ϯ 12, and 23 Ϯ 11%, respectively, at 2 h (for JNK-1 and TLR-4) and 6 h (for SOCS-3) after a single dose of exenatide (Fig. 4, B , D, and G; P Ͻ 0.05). This was associated with a significant fall in the protein expression of JNK-1, TLR-2, and SOCS-3 by 16 Ϯ 7, 15 Ϯ 7, and 13 Ϯ 6%, respectively, below the baseline (Fig. 4, A-D ; P Ͻ 0.05). TLR-4 protein did not change significantly after treatment with exenatide despite the significant change in its mRNA expression. There was no significant change in JNK-1, TLR-4, TLR-2, and SOCS-3 expression after a single dose of exenatide or 12 wk of placebo.
Effect of exenatide on circulating proinflammatory mediators
Circulating levels of MCP-1 fell significantly by 15 Ϯ 7% (from 422 Ϯ 33 to 367 Ϯ 35 ng/ml at 12 wk; Fig. 5A ; P Ͻ 0.05), MMP-9 fell by 20 Ϯ 11% (from 346 Ϯ 49 to 267 Ϯ 44 ng/ml at 6 wk; Fig. 5B ; P Ͻ 0.05), SAA fell by 16 Ϯ 7% (from 30.9 Ϯ 4.5 to 25.3 Ϯ 3.8 g/ml at 12 wk; Fig. 5C ; P Ͻ 0.05), and IL-6 fell by 22 Ϯ 12% (from 3.01 Ϯ 0.49 to 2.07 Ϯ 0.57 pg/ml at 12 wk; Fig. 5D ; P Ͻ 0.05) after exenatide treatment, whereas there was no change in these indices in the placebo group. tiinflammatory effect that is not dependent on weight reduction, consistent with our original observation with plasma CRP concentrations (7). This effect is even more impressive because it was observed in patients taking insulin, which has an antiinflammatory effect of its own (21) . NFB is responsible for the transcription of more than 200 proinflammatory genes including TNF␣ (22) . The suppression of JNK-1, IL-1␤, TLR-2, and TLR-4 also reflects a general antiinflammatory effect because all three are inflammatory mediators. JNK-1 induces the phosphorylation of c-Jun, which is a component of the proinflammatory transcription factor activator protein-1, which regulates the transcription of MMP (23) . This action of JNK-1 thus induces inflammation and increases MMP secretion. Consistent with this, exenatide also suppressed plasma concentration of MMP-9. TLR-2 binds to and mediates inflammatory signals from products of Gram-positive bacteria, whereas TLR-4 binds to and mediates inflammatory signals from endotoxin, a product of Gram-negative bacteria (24, 25) . TLR-4 is also expressed in the atherosclerotic plaque, and its deletion is inhibitory to atherosclerosis (26) . In addition to these actions, JNK-1, TLR-2, TLR-4, and SOCS-3 also mediate insulin resistance (27, 28) . JNK-1 causes serine phosphorylation of insulin receptor substrate-1 and thus inhibits downstream insulin signal transduction. The deletion of TLR-4 and TLR-2 leads to protection from insulin resistance (29, 30) . The expression of SOCS-3 is induced by TNF␣, and it interferes with insulin signal transduction at the insulin receptor substrate-1 level (31). Thus, along with an antiinflammatory and antioxidant effect, it is possible that exenatide may potentially exert an insulin-sensitizing effect.
MCP-1 is a potent chemokine, and it has a nonredundant role in the pathogenesis of atherosclerosis because its deletion leads to a significant reduction in the magnitude of atherosclerosis in the ApoE-deleted mouse (32). It is generated in large quantities by the cells in the atherosclerotic plaque, and it attracts more monocytes in to the plaque. MMP-9 is a collagenase that dissolves collagen in the plaque to render it unstable and vulnerable to rupture (33) . This action of MMP-9 as a collagenase also allows inflammatory cells to spread more easily in tissue spaces. SAA is produced by the liver in a fashion similar to CRP and is a marker of inflammation (34) . It is carried by the high-density lipoprotein particle and can alter the biological properties of this particle by making it more proinflammatory. In our study, there was no weight loss with exenatide, and the actions of exenatide were independent of change in weight on multivariable analysis (data not shown). An explanation for the lack of exenatide-induced weight loss could be the short duration of our study in subjects on relatively large doses of insulin. HbA1c was also reduced significantly from 8.6 to 7.4%, and the reduction in calorie loss from glycosuria could have neutralized the effect of exenatide on weight loss.
Because exenatide is known to induce weight loss, the study was prospectively designed to also test the acute effect of a single injection of 5 g exenatide on inflammatory factors and oxidative stress before the initiation of regular doses of the drug. Indeed, we observed a significant, although transient, reduction in ROS generation, intranuclear NFB binding, and the expression of TNF␣, TLR-4, JNK-1 and SOCS-3. These effects occurred at 2 h after the injection at which time exenatide has a peak plasma concentration. This rapid effect is a remarkable observation considering that a small dose of 5 g was injected into obese diabetics. Clearly, this drug is a potent and rapidly acting antiinflammatory agent, whose action is independent of weight loss.
In cultured adipocytes, exendin-4 (parent molecule of exenatide) has been shown to increase the expression of adiponectin and decrease that of IL-6 and MCP-1 (35) . In apolipoprotein E-deficient mice, Exendin-4 has been shown to reduce monocyte adhesion to endothelial cells and suppress atherogenesis (13) . These effects were associated with a suppression of TNF␣, MCP-1, and NFB in the macrophages. A single injection of exenatide has been shown to reduce postprandial triglycerides and remnant lipoprotein cholesterol and triglycerides and to improve endothelial function in humans (14) . Consistent with this are our previous observations that exenatide and liraglutide treatments are associated with a reduction in plasma triglyceride concentrations by 35% (7, 8, 36) . GLP-1in-fusion, exenatide, and liraglutide have also been shown to reduce myocardial infarct size in experimental myocardial infarction (15, 16) . Thus, GLP-1 agonists have been shown to have antiinflammatory and an antioxidant effect that are direct and independent of weight loss.
Some of the changes in inflammatory mediators were seen after a single injection and at 12 wk but not at 3 and 6 wk. Inflammatory mediators were measured sequentially for 6 h after the single injection, whereas only a fasting sample was collected at 3, 6, and 12 wk. The reduction in inflammatory mediators, although significant, was transient after the single injection, coinciding with the timing of the peak concentration of exenatide. It is possible that exenatide therapy for a longer duration is required to cause changes in baseline concentrations (as measured at 3, 6, and 12 wk) of the inflammatory mediators that did not change at 3 and 6 wk but reduced after 12 wk.
Other possible mechanisms for the antiinflammatory and antioxidant effects of exenatide include the suppression of FFA, enhancement of the antiinflammatory action of insulin, the reduction in glucagon, and changes in dietary composition. In our study, there was a significant fall in FFA concentrations both with the single injection and after 12 wk of exenatide. Thus, it is possible that the fall in FFA concentrations contributes to the observed antiinflammatory and antioxidant effects of exenatide (37) . It is also possible that exenatide might have enhanced the antiinflammatory effects of insulin because all our subjects were on insulin therapy (21). We did not collect samples that could be tested for glucagon. It is, however, possible that the observed effects could in part be secondary to a suppression of glucagon. It is also possible that changes in diet could have contributed to the changes in inflammatory parameters. A limitation of the study is that diet recommendations were made at baseline and dietary history was not collected at the end of the study. However, because there was no significant weight loss in the exenatide group, it is likely that subjects did not make any substantial dietary changes during the course of the study. Another limitation of the study is the small sample size. Future studies with a larger sample size need to be done to confirm our findings and to comprehensively assess the mechanisms underlying the antiinflammatory effects of exenatide.
The antiinflammatory effects of exenatide allied with its systolic blood pressure-lowering effects are likely to be atheroprotective and cardioprotective in the long term. Long-term studies are required to investigate these issues. In addition, the impressive triglyceride-lowering effect described earlier may add to these benefits.
In conclusion, exenatide when administered for 12 wk exerts a comprehensive ROS suppressive and antiinflammatory effect that in the long term could be potentially antiatherogenic. In addition, even a single dose of 5 g exenatide leads to a transient suppression of key inflam-matory mediators. On the basis of these observations, exenatide is a rapidly acting antiinflammatory agent, and these effects are independent of its effect on weight loss.
